In order to clarify the origin of weedy rice (Oryza sativa L.) in Okayama Prefecture, Japan, we used a set of 15 sequence-tagged site primers to analyze polymorphisms among 27 weedy rice accessions and 88 cultivated rice varieties accessions including common rice varieties from Okayama. The band patterns indicated that 13 of the japonica weedy accessions corresponded exactly with one of the japonica cultivated rice varieties. Furthermore, with the exception of a strong shattering habit, these japonica weedy accessions closely resembled each corresponding rice variety in morphophysiological characteristics. Consequently, in view of the close genetic homology and high morphophysiological resemblance between weedy rice and cultivated rice varieties in Okayama, we conclude that weedy rice originated from cultivated rice varieties as an "offtype" caused by genetic mutation accompanied by the development of a strong shattering habit.
Introduction
Weedy rice is a problematic rice owing to its production of a red pericarp and tendency to shatter, traits that often affect the quality and yield of cultivated rice (Holm et al. 1997) . Recently, the problem of weedy rice has become more serious in the rice-producing areas of Asia, America, and Europe where direct seeding of rice is practiced (Delouche et al. 2007) . In Japan, weedy rice has been an occasional problem since the modernization of agriculture during the mid-19th century. Currently, this feral rice is a recognized problem in Nagano and Okayama prefectures (Sakai and Saito 2003 , Ishii and Akazawa 2003 , Ushiki et al. 2005 ). The weedy rice in different prefectures have different characteristics; for example, the pericarp colors of weedy rice in Okayama and Nagano are white and red, respectively. However, the accessions of both the prefectures have an extremely strong seed-shattering habit that occurs rarely in rice varieties, for example, they drop most of their mature seeds before harvesting naturally in the field (Ushiki et al. 2005) .
Rice production in Okayama Prefecture is unique in that dry direct seeding of rice has been practiced since the 1940s and, unlike other prefectures, Okayama continues to use old rice varieties such as "Asahi," "Akebono," and "Omachi," which were bred during the 1920s to 1950s. In Okayama, weedy rice has been noted since the 1940s; however, it has become a more serious problem since the 1980s. Weedy rice occurs in dry, direct-seeded rice fields where Akebono, Omachi, and "Kibinohana" have been cultivated Akazawa 2003, Ushiki et al. 2005) . Recent research has revealed that weedy rice in Okayama consists of two types; namely, japonica and indica (Ushiki et al. 2005) . Japonica weedy rice is widely distributed in Okayama, whereas indica weedy rice occurs only within a restricted area. With the exception of its shattering habit, japonica weedy rice accessions bears a close phenotypic resemblance to specific rice varieties such as Akebono, Kibinohana, or Omachi (Ushiki et al. 2005) . More recently, it was showed that the japonica weedy rice genetically close to specific rice varieties in Okayama by haplotyping using DNA polymorphisms in franking regions of two isozyme loci, Acp1 and Sdh1, which are able to differentiate japonica and indica types (Kawasaki et al. 2009 ). However, the haplotype analysis couldn't be precisely elucidated the genetic relationship between weedy rice and cultivated rice varieties.
During the last decade, DNA markers such as RAPDs (random amplified polymorphic DNAs), AFLPs (amplified fragment length polymorphisms), and SSRs (simple sequence repeats), which detect genetic polymorphisms efficiently, were developed to identify rice varieties in Japan (Ashikawa et al. 1999 , Akagi et al. 1996 , Olufowote et al. 1997 , Kubo et al. 2000 . Recently, Shinmura et al. Japan covering approximately 99% of the domestic rice planted area. All band pattern data the STS markers for 130 domestic rice varieties, including Akebono, Asahi, Kibinohana, and Omachi, have been described by Shinmura et al. (2005) . Since band pattern similarities are correlated with genetic similarity, these STS markers can be used to evaluate genetic similarity and diversity between weedy rice and cultivated rice varieties.
In this study, weedy rice accessions collected from Okayama and rice varieties provided from different sources in Japan were evaluated by using the STS marker set developed by Shinmura et al. (2005) in order to clarify the origin of the weedy rice. The genetic similarity and diversity of the accessions and the varieties were evaluated statistically. On the basis of the similarity and diversity of weedy rice and cultivated rice varieties, we present a hypothesis for the origin of weedy rice and the de-domestication of cultivated rice.
Materials and Methods

Plant materials
Twenty-seven weedy rice accessions were collected in Okayama from 1994 to 2002 (Table 1) . Eighty-eight rice varieties, including a few strains of Akebono, Asahi, and Omachi, were provided by the Okayama Prefectural General Agriculture Center, the Nagano Agricultural Experiment Station, the National Institute of Agrobiological Sciences Genebank, and the National Institute of Crop Science in Japan (Table 2) .
DNA extraction
Genomic DNA of the weedy rice accessions and the rice varieties (a total of 115 accessions/varieties) was extracted from individual seedlings using the CTAB method or by using a DNeasy Plant Mini Kit (QIAGEN). Extracted DNA was used as a template for the following analysis after adjusting the concentration to 100 ng/µL.
Amplification of STS markers and detection of band patterns
Amplification of STS markers was conducted according to the protocol described by Shinmura et al. (2005) with the following minor modifications. A mixture containing 0.075 µL of Taq polymerase (5 u/µL; TaKaRa), 1 µL of 10× PCR buffer [100 mM Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl 2 ), 1 µL of 2.5 mM dNTP mixture, 0.2 µL of each primer (10 µM), and 2.5 µL of template DNA (100 ng/µL or crude) in a volume of 10 µL was prepared. Fifteen sets of STS markers (Shinmura et al. 2005) were used as primers.
Each PCR was performed with a single set of STS markers using a GeneAmp PCR System 9700 (Applied Biosystems) thermal cycler. Multiplex PCR described by Shinmura et al. (2005) was not conducted. The amplification profile was as follows: 30-35 cycles of 1 min denaturation at 95°C, 1 min annealing at the temperature specific for the primer pair, and 2 min extension at 72°C. PCR-amplified products were mixed with 1 µL of 6× loading buffer and loaded on a 1.5% agarose gel (NipponGene). The gels were electrophoresed at 100 V for 40 min and stained with ethidium bromide for 30 to 60 min. The DNA bands were visualized under UV light using a Printgraph system (ATTO). 
Cluster analysis
Cluster analysis was performed on the band pattern data obtained from 245 accessions/varieties consisting of the 27 weedy rice accessions (Table 1) and 88 cultivated rice varieties (Table 2 ) examined in this study and compared with the 130 rice varieties reported by Shinmura et al. (2005) . The 130 rice varieties were rice-paddy cultivated varieties in Japan covering approximately 99% of the domestic rice planted area, and their band patterns were used as references for comparison. Genetic distance (GD) between a pair of accessions/varieties was based on the presence (1) or absence (0) of amplification PCR products and was determined by arithmetical complement of simple matching coefficient (Sneath and Sokal 1973) 
Results
Cluster analysis of the band patterns for a total of 245 accessions/varieties (Fig. 1) resulted in the grouping of most japonica weedy rice accessions into three clusters (Clusters 1, 2, and 3) and most indica weedy rice accessions into one cluster (Cluster 4). An overview of the cluster analysis is shown in Fig. 1A , with more detailed views of the analysis shown in Fig. 1B -E.
Cluster 1 (Fig. 1B) Most japonica weedy rice accessions (14 accessions) grouped into Cluster 1. The band patterns of 10 accessions (AC8, AC9, AC11, AC13, AC16, AC20, AC21, AC22, AC23, and AC52) corresponded exactly with those of Akebono. There was no difference in band patterns among the four Akebono strains examined in this study or among those reported by Shinmura et al. (2005) .
The band patterns of two weedy rice accessions (AC6 and AC232) corresponded exactly with those of Asahi (239), Kimmaze (180) and Nakateshinsenbon (S), parenthetic numbers and "S" indicate serial numbers of the varieties for identification and the variety reported by Shinmura et al. (2005) , respectively. The band patterns of this group differed from those of Akebono and the above-listed 10 accessions with respect to three markers and differed from those of 5 other strains of Asahi with respect to one marker. Notably, however, one strain of Asahi [Asahi (241)] differed from the other strains with respect to either four or five markers (Fig. 1D) .
The remaining two weedy rice accessions in this cluster (AC10 and AC12) differed from Akebono and the abovelisted 10 accessions with respect to only one marker and did not correspond with other common rice varieties examined from Okayama.
Cluster 2 (Fig. 1C) One weedy rice accession (AC17) was grouped into Cluster 2. The band patterns of this accession corresponded with that of the rice variety "Ginomi."
Cluster 3 (Fig. 1D) Four weedy rice accessions (AC7, AC14, AC15, and AC19) were grouped into Cluster 3. The band patterns of one accession (AC14) corresponded exactly with those of six accessions of Omachi.
The band patterns of the other three accessions (AC7, AC15, and AC19) were different from one strain of Asahi [Asahi (241)] with respect to two or three markers and did not correspond with other common rice varieties studied from Okayama.
Cluster 4 (Fig. 1E) Six weedy rice accessions were grouped into Cluster 4 together with the indica rice varieties "Kasalath" and "IR36." Four of these accessions (AC59, AC60, AC61, and AC65) were indica-type weedy rice, whereas the other two accessions (AC18 and AC62) were weedy rice with characteristics intermediate between of japonica and indica (Ushiki et al. 2005) .
Others (Fig. 1A) Two weedy rice accessions having characteristics intermediate between japonica and indica (AC63 and AC64) and two strains of Omachi [Omachi (235) and Omachi (S)] were distributed in several clusters widely separated from Clusters 1 to 4.
Discussion
A dendrogram generated from the morphophysiological characteristics of weedy rice accessions and cultivated rice varieties in Okayama that was published in a previous report (Ushiki et al. 2005 ) is shown as Fig. 2A . Another dendrogram generated from the band pattern data of the accessions/ varieties corresponding to those in Fig. 2A is shown for comparison in Fig. 2B . Type 1 accessions (T1 in Fig. 2 ) consist of 11 accessions that occur in six areas where the rice varieties Akebono or Kibinohana are cultivated (Table 1) . On the basis of morphophysiological measurements, Type 1 is most typical of the japonica weedy rice types and is similar to Akebono or Asahi (Fig. 2A) . The results of genetic analysis revealed that seven accessions of Type 1 (AC8, AC9, AC11, AC13, AC16, AC22, and AC23) closely resemble Akebono not only morphophysiologically but also genetically. The other two Type 1 accessions (AC10 and AC12) also resemble Akebono, although they have slightly different band patterns (Figs. 1B and 2B ). In contrast, one accession (AC6) collected from the Okimoto area is genetically Fig. 1A . Dendrogram of 245 accessions/varieties consisting of 27 weedy rice accessions and 88 rice varieties studied in this paper, and 130 cultivated rice varieties reported by Shinmura et al. (2005) . The figure is derived from UPGMA cluster analysis based on band patterns of 15 STS markers. Dotted frames indicate clusters including weedy rice accessions (Cluster 1, 2, 3 and 4) . Arrows indicate position of accessions/varieties as follows; Omachi (S): rice variety "Omachi" reported by Shinmura et al. (2005) ; AC63, AC64: weedy rice accessions AC63 and AC64 (refer to Table 1); Omachi (235): rice variety "Omachi" strain 235 (refer to Table 2 ). The bar indicates genetic distance. similar to Asahi (Fig. 1B and Fig. 2 ). Akebono and Asahi are old varieties that were bred in Mie and Okayama prefectures before the 1950s, respectively. Morphophysiologically, Akebono is relatively similar to Asahi since the former was bred by crossing 'Norin 12' and Asahi; however, Akebono and Asahi are distinguishable genetically (Fig. 2) . The threshability of Asahi and Akebono was evaluated as "very easy" and "easy," respectively, by the standard evaluation system for rice in Japan (Committee for Advancement of Rice Yield in Okayama Prefecture 2002). Unlike weedy rice, these varieties do not shed their grains naturally; however, some grains of these varieties are dispersed in the field Table 1  and Table 2 ). "S" in parentheses indicates the data reported by Shinmura et al. (2005) . Asterisk indicates weedy rice accession. Underlined variety indicates common rice variety in Okayama Prefecture. Fig. 1A ). Number in parentheses indicates ID No. of accession/variety (refer to Table 1  and Table 2 ). "S" in parentheses indicates the data reported by Shinmura et al. (2005) . Asterisk indicates weedy rice accession.
by harvesting operations, and over-wintered seeds can germinate under the dry direct seeding system in the following spring (Ishii and Akazawa 2003) .
The foregoing results suggest the following hypothesis: Asahi or Akebono are assumed to be the origins of most japonica weedy rice accessions since, apart from the shattering habit, they are closely similar to japonica weedy rice in both genotype and phenotype. De-domestication of the varieties was caused by genetic mutation that enhanced the shattering ability of the varieties. The weedy-type varieties grew in population size and spread throughout a wide area of Okayama that had continuously cropped a related variety under the dry direct seeding system.
The Type 3 accession AC14 (T3 in Fig. 2 ) is a japonica weedy rice accession that occurred in one area that was cultivating the variety Omachi (Table 1) . Since AC14 closely Table 1  and Table 2 ). "S" in parentheses indicates the data reported by Shinmura et al. (2005) . Asterisk indicates weedy rice accession. Underlined variety indicates common rice variety in Okayama Prefecture. Italic font indicates indica-like weedy rice. Table 1  and Table 2 ). "S" in parentheses indicates the data reported by Shinmura et al. (2005) . Asterisk indicates weedy rice accession. Italic font indicates indica-like weedy rice.
resembles Omachi in both genotype and phenotype (Fig. 2) , and since Omachi is an old variety that has been cultivated in Okayama since 1922, AC14 probably originated from Omachi by a de-domestication process similar to that described for Type 1. The band pattern of two strains of Omachi, Omachi (235) and the Omachi (S) in Fig. 1A , differed from the other six strains that were grouped into a distant cluster (Cluster 3 in Fig. 1A and magnified in Fig. 1D ). These strains were variable in heading date, culm length, and threshability, although none of the strains had a shattering habit similar to weedy rice (Ushiki et al. 2005) . These results suggest that there are several landraces named Omachi in Okayama that differ in genotype and phenotype.
Type 5 (T5 in Fig. 2 ) is a japonica weedy rice accession, AC21, collected from an area cultivating Akebono (Table 1) . Although AC21 is closely similar to Akebono in genotype, it clearly differs phenotypically (Fig. 2) . For example, AC21 was found to be 13 days earlier in heading date and 9 cm shorter in culm length than Akebono (Ushiki et al. 2005 ). An early heading cultivar, Kanto HD1, which is an isogenic line of Koshihikari carrying a Kasalath fragment at one heading date gene (Hd1) locus, is shorter in culm length than Koshihikari (Takeuchi et al. 2006) . AC21 is also able to be a genetic variant of Akebono in a mutation of a heading date gene.
The Type 2 accession AC17 (T2 in Fig. 2 ) is a japonica weedy rice that occurred in a field cultivating Akebono in 1999 (Table 1) . It has been reported that AC17 corresponds with the variety Kibinohana morphophysiologically and genetically (Ushiki et al. 2005 , Kawasaki et al. 2009 ). However, STS marker band pattern of AC17 was identical to that of Ginomi (Fig. 1C) . Kibinohana is a relatively new variety released in 1989, and its threshability has been evaluated as medium (Committee for Advancement of Rice Yield in Okayama Prefecture 2002). Ginomi was released in Siga Prefecture in 1994, and its threshability has been evaluated as hard. There is no official record of Ginomi being cultivated commercially in Okayama. Consequently, these results suggest that the origin of AC17 is unclear.
We couldn't also presume the origin of the other weedy rice accessions (AC7, AC15, AC18, AC19, AC59, AC60, AC61 AC62, AC63, AC64, AC65) because the band patterns of the accessions didn't match with those of rice varieties that grown in Okayama (Fig. 1A, Fig. 1D, Fig. 1E and 2 ). For this study, we examined only one sample to determine the genotype of the accession and variety. For precise comparison of genotypes between weedy rice and rice varieties, we have to examine more samples reveal the extent of the diversity within the accession or variety. Kawasaki et al. (2009) indicated that a part of weedy rice genetically show a similarity to forage varieties and indica modern varieties. Genetic analysis of more rice varieties including forage varieties and indica rice varieties needed to reveal the origin of these accessions for precise comparison of the genotypes of weedy rice and rice varieties.
In summary, most japonica weedy rice probably originated from old japonica rice varieties such as Asahi, Akebono, and Omachi that have been widely grown in Okayama for more than a half century.
Acquisition of the shattering habit would be the most important factor for the de-domestication of rice varieties. Recently, rice shattering genes, qSH1 (Konishi et al. 2006 ) and sh4 (Li et al. 2006) , were isolated and their sequences and putative functions were reported. Additionally, some quantitative trait loci (QTL) for the shattering habit have been determined (Cai and Morishima 2000 , Xiong et al. 1999 . In our continuing efforts to understand the process of rice de-domestication in Japan, we are currently studying these shattering genes and the related QTLs that might be involved in the shattering habit of weedy rice.
